Abstract
Introduction geometric settings as well as materials relevant to EBID nanostructure growth. For our simulations 48 we use the Monte Carlo code for radiation transport PENELOPE [5] , where a statistical set of parti-
49
cle trajectories are sampled in homogeneous materials. In this context, we provide an overview of 50 the aspects of EBID nanostructure growth that can be studied in detail from a mesoscopic point of 51 view using well-established radiation-transport simulation techniques for amorphous media [6, 7] . position vector r = (x, y, z), energy E and a direction-of-flight unit vector d = (u, v, w), where u, v, 78 and w are the direction cosines. A particle trajectory is represented as a series of states (r n , E n , d n ) 79 where n labels the scattering event at r n leading to energy E n and direction d n (see Figure 1 ). Sev-80 eral random variables are sampled from their respective probability distribution functions. The 81 length of the free path to the next collision, s, is sampled from an exponential distribution with total 82 mean free path λ T using a random number ξ uniformly distributed in the interval (0, 1), 83 s = −λ T ln ξ .
(1)
84
The interaction type at the new position is sampled as follows. Let us consider interactions of type
85
A and B, with respective total cross sections σ A and σ B . Interactions of type A and B are sampled 86 with probabilities 
91
Finally, the azimuthal scattering angle is sampled from a uniform random number ξ as φ = 2πξ . 
98
In our study it is convenient to reduce the problem to two spatial dimensions by assuming a ge-99 ometry with cylindrical symmetry. We perform studies for two classes of sample geometries: (a) a 300 nm thick layer of amorphous SiO 2 with density 2.32 g/cm 3 is placed on top of a Si wafer 
θ, ϕ Figure 1 : Schematic representation of a random trajectory generated by PENELOPE [5] . The trajectory is determined by path lengths s that determine the position r n of the next scattering event, by the type of event, and by energies E n and directions d n after the event.
the atomic cross sections corresponding to a given composition (incoherent sum of scattered in- Table 1 is placed above a 300 nm amorphous SiO 2 layer, which in turn is placed on top of a Si wafer. A conical electron beam with a spot size of 20 nm on the sample is used, the point source being located 1 cm in vacuum above the center of the sample; the corresponding beam aperture is 5.73×10 −5 degrees. A radius of 100 nm is chosen for the deposit.
the build-up of a localized negative charge in the material. We choose an absorption energy of 50 133 eV because we are neglecting binding effects in the material, and furthermore, elastic and inelastic 134 cross sections derived from atomistic models carry large uncertainties already for energies below a 135 few hundred eV. The same absorption energy is used for those secondary electrons generated in the shower. Finally, to obtain our simulated results, we have sampled 10 8 trajectories.
137

Results
138
To provide a first visual insight into the electron transport process in the substrate and in the de- completely attenuated at a depth of ∼ 500 nm, whereas in W this depth is reduced to ∼ 150 nm.
147
Indeed, the IMFP of electrons in SiO 2 is roughly a factor 2-4 larger than the IMFP of electrons Notice that for thin deposits the spectral features of the substrate are merely smeared out, ow- Table 1 ). (b) Same as panel (a) for a deposit of pure Co. Notice that the ordinates are in a logarithmic scale, whereas the abscissas are in a linear scale. The acronym REELS stands for reflection electron-energy-loss spectrum.
is emitted with a characteristic energy U S0 − U S1 , where U denotes the ionization energy of the 207 corresponding shell, or (2), typically more likely, a non-radiative transition whereby an electron 208 from an outer shell S2 (which can either coincide with or be less bound than S1) is emitted as an
209
Auger electron with energy U S0 − U S1 − U S2 . The emitted photons might either leave the sample higher in the deposit than in the substrate, since the IMFP is a factor ∼ 2 shorter in the deposit than 234 in the substrate, and thus energy-loss events take place more often in the deposit than in the sub-strate. This also explains the discontinuous jump at the deposit-substrate interface. Figure 7: Energy deposited in the system as a function of the depth z for the indicated sample thicknesses d WCO and for the six nanostructure materials specified in Table 1 . The position z = 0 corresponds to the deposit-substrate interface; the position z = d WCO (indicated by a solid vertical line in the three upper panels) corresponds to the deposit-vacuum interface. Notice that, in addition to the density, the composition of the samples varies (see Table 1 ).
It should be noted that, whereas the density increases linearly from WC 2.5 O to WC 1.75 O 0.75 , the 237 tungsten content does not exhibit a clear trend (see Table 1 ). In order to separately exhibit the ef- 
varied its density from 8 g/cm 3 to 12 g/cm 3 (covering the range of densities given in Table 1 there. These slow electrons are those secondary electrons generated in r < 10 nm which wander 284 into r > 10 nm and are not able to travel further, being absorbed.
285
The distribution of deposited energy as a function of the depth and of the radial coordinate has ad-286 ditional value. On the one hand, it can be used to derive a temperature distribution for more de- 
